RIMARY CNS lymphoma is a rare form of NHL that occurs within the craniospinal axis and accounts for less than 5% of all primary brain tumors. It is defined as lymphoma occurring in the brain, leptomeninges, spinal cord, or eyes without evidence of lymphoma outside the CNS. The majority of PCNSL tumors are highgrade B-cell lymphomas, despite the fact that B-cells are absent from normal brain. The tumors are most often diagnosed by stereotactic brain biopsy, which is often preceded by glucocorticoid therapy, administered to reverse neurological deficits. Because the majority of PCNSLs are sensitive to glucocorticoid agents and exhibit resolution and apoptosis in response to these medications, histopathological diagnosis and classification of PCNSL cases can be difficult. More than 90% of PCNSL tumors ultimately are diagnosed as high-grade, CD20-positive, diffuse large B-cell NHLs; the remaining 10% of cases include Burkitt, Burkitt-like, and lymphoblastic B-cell lymphomas as well as T-cell lymphomas. In up to 20% of cases, the diagnosis of PCNSL may be established by the combination of cytological findings of malignancy in the CSF and the exclusion of systemic lymphoma by bone marrow biopsy and axial imaging. However, cytological analysis of CSF and specimens from intravitreal compartments is associated with extremely poor sensitivity.
Because of the relative rarity of this type of brain tumor, as well as the difficulty of obtaining intracranial samples, there is a paucity of clinical material for molecular analysis of CNS lymphomas. Nevertheless, genetic studies are beginning to elucidate features of the molecular pathogenesis of these tumors. There is now evidence that CNS lymphomas exhibit a distinct gene expression profile compared with nodal lymphomas of the same histological type. In addition, emerging data indicate that CNS lymphomas are derived from a distinct cell of origin and exhibit a unique immunophenotype. Current efforts are focused on the identification of tumor biomarkers to facilitate noninvasive diagnosis as well as prognosis. The purpose of this review is to highlight key features and recent advances in our understanding of the molecular pathogenesis of PCNSL.
Incidence
During the past 30 years, the incidence of PCNSL has increased dramatically in all age groups. There were 2.5 cases per 10 million population in 1973 and 30 cases per 10 million population in 1992; 10 in 1990, PCNSL composed nearly 7% of all primary brain tumors. 23 A primary factor responsible for the increase during this period has been the human immunodeficiency virus epidemic, which began in the 1980s. 11 Patients with AIDS develop PCNSL at a rate 3600-fold higher than the general population and have a lifetime risk of CNS lymphoma that approaches 20%. It is important to note, however, that the incidence of PCNSL within immunocompetent populations has also increased rapidly during this interval, from 4 per 10 million in 1982 to 28 per 10 million in 1989. 11 This increasing incidence of disease among immunocompetent individuals, which appears to be independent of overall trends in the incidence of brain tumors and NHL, has outpaced the milder increase in systemic lymphomas and remains essentially unexplained. 8, 12, 30, 32 
Gross Pathological Characteristics
In the majority of cases, patients with PCNSL present with symptoms referable to an intracranial mass lesion. Often PCNSL lesions are periventricular, thus facilitating leptomeningeal seeding. Most patients present with a solitary lesion; multiple tumors are seen somewhat more often in AIDS-related cases. 30 The lesions most commonly occur in the frontal and temporoparietal lobes, but may also be found in the basal ganglia; PCNSL lesions occur less frequently in the cerebellum, brainstem, and spinal cord. In approximately 20% of PCNSL cases, evidence of malignancy is found on CSF examination at the time of diagnosis, reflecting the propensity of these tumors for leptomeningeal dissemination. On gross macroscopic examination, PCNSLs range from well-circumscribed masses sometimes resembling metastases to ill-defined and highly infiltrative malignancies that are impossible to distinguish anatomically from adjacent normal brain tissue. The tumors often extend across the corpus callosum and involve both cerebral hemispheres. In at least 40% of cases, there is gross infiltration into the subarachnoid space.
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Microscopic Pathological Characteristics
Pathological assessment of tumors in PCNSL cases reveals a unique angiocentric pattern of tumor infiltration. Large B-cell lymphomas occurring outside the CNS do not exhibit particular growth around blood vessels. Histological staining techniques reveal a concentric network of reticulin fibers, which are particularly prominent in the perivascular lymphoid tissue. In some cases, lymphomas grow as diffuse sheets invading the surrounding brain parenchyma, meninges, or walls of ventricles. Typically, PCNSLs are highly infiltrative and usually extend significantly beyond the margins of the radiographically evident tumor. 17 Routine immunophenotyping data from adequate pathology specimens demonstrate that the vast majority of PCNSLs (> 95%) are high-grade B-cell lymphomas in patients with AIDS as well as in immunocompetent patients. 13, 43 The majority of these tumors are diffuse large Bcell lymphomas, the most common form of NHL. Lowgrade primary CNS B-cell lymphomas are rare and are composed mainly of small lymphocytes. 6 Although T-cell lymphomas have been reported as primary CNS tumors, they are infrequent in PCNSL, accounting for less than 5% of all cases. 15, 26, 31, 38, 40, 44 Unlike B-cell lymphomas, most peripheral (nonlymphoblastic) T-cell lymphomas lack a distinctive morphological appearance, and consist of small, intermediate, or large cells, in variable combinations. Given this heterogeneous composition, which may suggest reactive T-cell proliferations, definitive diagnosis depends on clinical history, unequivocal T-cell phenotype and clear cytological demonstration of malignancy, overt infiltration with tissue destruction, or molecular evidence of a clonal T-cell population. In general, T-cell lymphomas have a poor prognosis, with an average 5-year survival rate of less than 30%. 38 Like B-cell CNS lymphomas, T-cell tumors also may exhibit a pattern of angiotropic growth around cerebral vessels. However, in contrast to B-cell PCNSLs, the majority of T-cell PCNSLs present in the posterior fossa. 44 Approximately 20% of patients with PCNSL present with intraocular involvement at diagnosis; these tumors typically involve the vitreous, retina, and choroid. Patients who present with isolated intraocular lymphoma are at high risk for CNS dissemination; approximately 80% of these patients eventually will experience progression of CNS disease. It should be pointed out that lymphomatous involvement of the conjunctiva and orbit is not considered CNS disease; lymphomas in these sites exhibit a distinct pattern of growth and should be managed as extranodal manifestations of systemic lymphoma. 38 Hodgkin lymphoma occurs only extremely rarely as a primary CNS lymphoma and usually is seen in the peripheral lymph nodes. 29 Diagnosis of Hodgkin lymphoma is dependent on the identification of Reed-Sternberg cells or mononuclear variants demonstrating the characteristic CD30+ CD15+ immunophenotype, which can be seen against a background of benign-appearing inflammatory cells. 20 Primary CNS Hodgkin disease may present as dural-based masses mimicking meningioma; these typically display the nodular sclerosis subtype of Hodgkin lymphoma. 2, 3, 19 Prognosis of primary CNS Hodgkin disease is at present not well-defined, but appears to be associated with survival of between of 8 to 24 months following irradiation.
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Tumor Pathogenesis
In immunosuppressed individuals, such as patients with AIDS or patients treated with immunosuppressive agents in the setting of organ transplantation, PCNSL is usually linked to latent infection of the neoplastic B-cells by EBV.
14 Infection of normal B-cells may result in their immortalization; however, proliferation of EBV-infected B-cells is usually suppressed by normal T-cell immunity. With diminished T-cell function, however, the EBV-infected clone may progress to malignant lymphoma. 35, 41 Moreover, EBV infection correlates with CNS tropism of lymphoma. The risk of CNS tumor dissemination in EBVpositive systemic AIDS-related NHL is approximately 10-fold higher than the risk in EBV-negative cases. 9 In addition, concordance of the presence of EBV DNA in the CSF as measured by polymerase chain reaction and suggestive abnormalities on neuroimaging may permit the presumptive diagnosis of CNS lymphoma in patients with AIDS. The biological basis for EBV-driven CNS tropism in lymphoma remains to be defined. 1 A rat model of EBV-related PCNSL has been described based on stereotactic implantation of EBV-transformed human lymphoblastic B-cell lines into the caudate nucleus of the nude rat. This model has been used to explore the preclinical efficacy of antiviral therapy in the treatment of patients with simultaneous EBV infection and PCNSL. 36 C. Kadoch, P. Treseler, and J. L. Rubenstein
The CNS is an immunologically privileged site, normally devoid of B-cells, and the origin of the tumor cells in PCNSL has yet to be completely elucidated. One proposed mechanism postulates that a malignant clone of Bcells arising systemically might express specific adhesion molecule(s) that facilitate homing to the CNS, where the tumor cells proliferate and undergo secondary mutations in the absence of regulatory control by the immune system. To date, however, no differences in the expression of adhesion molecules have been established between PCNSL and systemic lymphomas. 38, 18, 34 Chemokines represent an important class of molecules that regulate the trafficking of leukocytes as well as their proliferation and adhesion, contributing to the development of normal lymph node structure. Recently, a B-cellattracting chemokine, BCA-1 (CXCL-13) was shown to be expressed at significant levels in PCNSL tumors. A lymphoid chemokine, BCA-1 promotes B-cell homing to secondary lymphoid organs. It is expressed in Helicobacter pylori-induced mucosa-associated lymphoid tissue as well as in gastric lymphoma. 22 Binding of BCA-1 to its receptor, CXCR5, also shown to be expressed by B-cells in PCNSL, may be involved in the extranodal localization of CNS lymphomas. Although BCA-1 has been demonstrated to be expressed by lymphoma cells, it does not appear to be produced by tumor endothelia in PCNSL and therefore may not contribute to the unique angiotropic pattern of growth in these tumors. 39 Expression of the B-cell chemokines BCA-1 and SDF-1 by the retinal pigment epithelium has been demonstrated in primary intraocular lymphoma. Ectopic expression of these chemokines within the intraocular compartment may be significant in the attraction and homing of lymphoma to the retinal pigment epithelium from the choroidal circulation. 7, 38 A recent gene expression analysis using microarrays has defined for the first time molecular distinctions between PCNSL and nodal lymphomas of the large B-cell type. A variety of evidence has demonstrated that systemic large-cell lymphomas can be subclassified into three molecular types: germinal center, activated B-cell, and type 3, with the first subtype being associated with favorable prognosis. Primary CNS lymphomas have been shown to express features of each of these molecular subtypes; however, at least 100 genes were shown to be significantly differentially upregulated in cases of brain lymphoma. 37 Among these genes were some associated with the unfolded protein response pathway, such as X-box binding protein 1. The unfolded protein response pathway is a stress response pathway that may facilitate tumor adaptation in conditions of glucose deprivation. 33 In addition, the protooncogenes MYC and PIM1 also were shown to be expressed at high levels in these brain tumors. Evidence of somatic mutation of PIM1 and MYC has also been found in PCNSL. 25 In addition, ectopic expression of the B-cell growth factor interleukin-4 was also recently demonstrated in PCNSL. 37 Interleukin-4 is not only a potential autocrine growth factor for lymphoma cells but may also function as a significant paracrine growth factor given its unique expression by tumor-associated endothelia in PCNSL. Interleukin-4 is not expressed in the vasculature of normal brain or the vasculature in malignant astrocytic neoplasms. These findings support the hypothesis that inteleukin-4 may be important in the pathogenesis and progression of PCNSL and may contribute to the angiotropic growth pattern of lymphoma cells within the CNS. In addition, the activated form of the transcription factor STAT6, a mediator of interleukin-4-dependent gene expression, was also shown to be expressed by tumor cells and tumor endothelia in PCNSL, providing an independent line of evidence for a significant functional role of interleukin-4 signaling in the tumorigenesis of this type of lymphoma. High-density tumors in which the activated form of STAT6 is found both in the lymphoma cells and the associated endothelia have been reported to be associated with early progression and short overall survival in patients treated with highdose methotrexate. The STAT6 expression pattern thus constitutes a novel biomarker for prognostic determination at the time of diagnosis of PCNSL.
Molecular Pathological Findings
and Immunophenotype Determination of the sequence of the immunoglobulin variable region genes in CNS lymphomas has revealed high frequencies of somatic mutations; these findings suggest that PCNSLs are derived from mature B-cells that have been exposed to antigen and have undergone T-celldependent affinity maturation in a germinal center microenvironment. 24 In support of this conclusion is the fact that BCL-6, a germinal center marker, is expressed in the majority of PCNSLs that are not associated with AIDS. The expression of BCL-6 demonstrated by immunohistochemical analysis in CNS lymphomas has been shown to correlate retrospectively with favorable overall survival. 4 Further characterization of the immunophenotype of PCNSLs has revealed that these tumors have overlapping features of germinal center and activated B-cell differentiation: immunohistochemical analyses have demonstrated that the majority of brain lymphomas express MUM-1, a marker of activated B-cells, and BCL-6, a marker of germinal centers. 5, 21 This conclusion was also suggested by results of microarray analysis of PCNSL gene expression. 37 These results have significant implications in that they provide an explanation for how a subtype of large Bcell lymphoma that exhibits germinal center features and that commonly expresses BCL-6 is, in general, associated with an inferior outcome relative to systemic lymphomas of the same histological characteristics and stage.
There is significantly less information regarding the molecular pathogenesis of PCNSL in comparison with systemic lymphomas. One established molecular lesion in PCNSL that has been reproducibly identified is homozygous deletion or promoter hypermethylation of the CDKN2A gene, which produces P14ARF. Growth arrest induced by P14ARF is p53-dependent as p14ARF binds to MDM2, a mediator of p53 stabilization. Mutations of TP53 are rare in PCNSL, in contrast to systemic lymphomas in which inactivation of the TP53 gene may be detected in 20 to 40% of tumors. These findings suggest that early alterations of CDKN2A in PCNSL facilitate tumor development and minimize the selection pressure for secondary mutations of TP53. 28, 38 Comparative genomic hybridization has also identified potentially significant genetic lesions in PCNSL. For example, gains have been detected on chromosome 12
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Pathogenesis of primary CNS lymphoma and the long arms of chromosome 1, 18, and 7, while reduced DNA copy number was detected on chromosome 6 and on the short arms of chromosomes 17 and 18. Gain on chromosome 12 is the most frequent alteration identified by comparative genomic hybridization (in particular, gain in a region of 12q, a locus known to contain the MDM2, CDK4, and GLI1). 16, 28, 38 Allelic deletions of the long arm of chromosome 6 are frequent genomic aberrations in systemic lymphoma and acute lymphoblastic leukemias. The presence of 6q deletions is associated with adverse outcome in follicular lymphoma. 42 Deletions of 6q in PCNSL occur in 66% of specimens. Reduced expression of PTPRK, a candidate tumor suppressor protein, was shown to correlate with 6q22-23 deletion, raising the possibility that this tyrosine phosphatase may modulate PCNSL progression. Loss of heterozygosity analysis also suggests that aberrations on 6q predict short survival in PCNSL. 27 In addition, deletion or promoter methylation of CDKN2A, RB1, and CDKN1B have been identified in PCNSL, but these do not appear to correlate with survival. 4, 28, 38 
